INTRODUCTION
Microemulsions are thermodynamically stable solubilization systems and are characterized by transparency, low viscosity, and optical isotropy 1 3 . Microemulsions are classified into three categories: O/W oil-in-water -type oils solubilized in aqueous micelles; W/O water-in-oil -type water solubilized in reversed micelles; and bicontinuous type 4 . Preparation of these microemulsions depends on the hydrophile-lipophile balance HLB values of surfactants 5 7 . HLB values have been modified by adding appropriate additives or cosurfactants to emulsifiers 8, 9 .
Surfactants with amphiphilic molecules can self-assemble into a variety of microstructures, such as micelles, vesicles, and lyotropic liquid crystals, in aqueous solutions and organic solvents. The morphologies of the self-assemblies depend on the molecular structure of the surfactant, presence of additives, and surfactant concentration 10 . For nonionic surfactants, modification of the HLB value by varying the temperature and additives brings about the morphological transitions in the self-assemblies 7, 11 . For industrial applications, it is important to comprehend the phase behaviors of mixtures of water, oils, surfactants, and additives.
Jakobs and coworkers have reported drastically enhancing solubilization capacity by adding a small amount of amphiphilic block copolymers poly ethylenepropylene -co-poly ethylene oxide ; PEP-PEO to microemulsions of ternary mixtures of water, n-decane, and a poly oxyethylene -type nonionic surfactant 12 . This phenomenon is referred to as efficiency boosting, and results in a decrease in the amount of surfactant required to obtain microemulsions. It has been suggested that this efficiency boosting results from the modification of the curvature elasticity of the surfactant membrane and the increase in its bending rigidity through the uniform distribution of the amphiphilic polymers in the membrane 13, 14 . The influences of the nature and molecular structure of the block copolymers on the efficiency boosting have been investigated 15 21 .
However, there are few studies on the enhancement of solubilization capacity via the addition of amphiphilic random copolymer to microemulsions. Miyahara and coworkers have reported that the amphiphilic random copolymer poly ethylene oxide /poly propylene oxide dimethyl ether EPDME 22 25 acts as a cosurfactant in water/oil/nonionic surfactant systems when both the surfactant and EPDME are present at high concentrations 26 . In addition, they sucAbstract: Amphiphilic random copolymers, poly(oxyethylene)/poly(oxypropylene) butyl ethers (C4EmPn), have been used as raw materials for cosmetics. This paper reports on the influence of amphiphilic random copolymers on mixtures of n-decane, water, and a nonionic surfactant, hexa(oxyethylene) dodecyl ether (C12E6). Bicontinuous phases are formed from decane/water/C12E6 mixtures at high C12E6 weight fractions (> 70 wt%). Adding C4EmPn to decane/water/C12E6 mixtures brings about the formation of bicontinuous phases and a decrease in the amount of the surfactant required for their formation, indicating efficiency boosting. The bicontinuous phase formation region in the phase diagram of the decane/water/ C12E6+C4E5P5 system is largest at a specific C4E5P5 weight fraction in the C12E6/C4E5P5 mixture. When a hydrophobic polymer, in which the poly(ethylene oxide) group in C4EmPn is absent, is added to decane/ water/C12E6 mixtures, no efficiency boosting is observed. These results suggest that the adjustment of the hydrophilicity-hydrophobicity balance of C12E6/C4EmPn mixture causes the efficiency boosting.
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In this study, we focus on the formation of bicontinuous microemulsions. Bicontinuous microemulsions are extremely useful in cosmetics science, where they are widely used in makeup removers and for solubilization because they decrease the interfacial tension at the oil/water interface to almost zero. Thus, the efficient formation of bicontinuous microemulsions is an important undertaking. In our study, we used amphiphilic random copolymers containing poly oxyethylene and poly oxypropylene groups. These copolymers have been used as raw materials in commercially available cosmetics. Here, we report the influences of amphiphilic random copolymers poly oxyethylene / poly oxypropylene butyl ethers: C4EmPn on the phase behaviors of ternary mixtures of n-decane, water, and a nonionic surfactant hexa oxyethylene dodecyl ether . We studied the enhancement of the formation of bicontinuous phases from the ternary mixtures, that is, efficiency boosting. To the best of our knowledge, this is the first report on the drastic enhancement of the bicontinuous phase formation using an amphiphilic random copolymer. We suggest that combining a surfactant with an amphiphilic copolymer can easily lead to the formation of a bicontinuous phase.
EXPERIMENTAL PROCEDURES

Materials
Hexa oxyethylene dodecyl ether C12E6, 60 purity with a distribution of molecular weights was obtained from NOF CORPORATION. The polymerization degree of the ethylene oxide EO unit ranged from 3 to 11. The amphiphilic polyether, poly oxyethylene /poly oxypropylene butyl ether C4EmPn; see Fig. 1 , was supplied by NOF CORPORATION. C4EmPn is a random copolymer of ethylene oxide and propylene oxide PO . Heptadeca oxyethylene butyl ether C4E17 and heptadeca oxypropylene butyl ether C4P17 , which have the same structure as C4E17P17 but without the PO chain and EO chain, respectively, were also supplied by NOF CORPORATION. n-Decane reagent grade 99.0 was purchased from Wako Pure Chemical Industries, Ltd. Tokyo, Japan . Methylene blue hydrate Tokyo Chemical Industry Co., Ltd., Tokyo, Japan and azobenzene Kanto Chemical Co., Inc., Tokyo, Japan were used as water-soluble and oil-soluble dye compounds, respectively. All materials were used without further purification. The water used in this study was highpurity H 2 O Milli-Q pure water; R 18 MΩ cm, γ 72.8 mN m 1 at 20 .
Preparation and characterization of emulsions
Ternary mixtures of decane, water, and C12E6 were placed in test tubes with screw caps and mixed using a vortex mixer for 30 s at room temperature. Then, the samples were stored at 30 for at least one week. The phase states were determined by visual observation, the following dye solubility test, and polarizing microscopy observation. An aqueous methylene blue solution 0.05 wt and a decane solution of azobenzene 1 wt were used in the dye solubility tests for the mixtures. The mixture types were identified by adding a drop of both dye solutions to each mixture and observing the spreads of the dyes in the mixtures.
Polarizing microscopy
Polarizing microscopy was performed using a Leica DMI 4000B microscope Leica Microsystems GmbH, Wetzlar, Germany with crossed polarizing filters at 30 . Digital images of the samples were captured using a Leica DFC300 FX digital camera. The types of the lyotropic liquid crystals were determined from their textures.
Small-angle X-ray scattering SAXS measurements
SAXS measurements were performed using a SAXSess camera Anton Parr, Austria attached to a PW3830 X-ray generator PANalytical, The Netherlands , which was operated at 40 kV and 50 mA, with a sealed-tube anode Cu-Kα wavelength of 0.154 nm . The measurements were carried out at room temperature. Two-dimensional scattering patterns recorded on an image plate detector were read out by a Cyclone system Perkin-Elmer, Downers Grove, IL, USA and were converted into one-dimensional curves as a function of the scattering vector, q 4π/λ sin θ/2 , where θ is the total scattering angle, with SAXSQuant software Anton Paar . All scattering intensities were transmission calibrated by adjusting the attenuated primary intensity at q 0 to unity and corrected for the background scattering of the sample cell and solvent. The SAXS peak ratio was used to confirm the type of the lyotropic liquid crystals. Figure 2 shows a phase diagram for the mixtures of ndecane, water, and C12E6 at 30 . With a low water weight fraction 15 wt water , transparent single phases with 10/30/60, w/w/w mixture shows the characteristic textures of optical anisotropy, such as a Maltese cross and oily streaks Fig. 3 . It is suggested that C12E6 molecules formed lamellar phases in the ternary mixture. Figure 4 shows the results of SAXS measurements for this ternary mixture. SAXS peaks were observed at q 1.05, 2.10, and 3.15 nm 1 . This indicates that a lamellar phase had formed, since the SAXS peak ratio of lamellar phases is 1:1/2:1/3. The layer thickness of the lamellar phase was 5.95 nm. The SAXS measurements for a mixture of water/ C12E6 40/60, w/w mixture also revealed the formation of lamellar phases with a layer thickness of 5.47 nm. These results indicate that decane is solubilized in the lamellar phase formed from C12E6, because the addition of decane increased the layer thickness of the lamellar phase. With a high C12E6 weight fraction 70 wt C12E6 , transparent single phases with low viscosity and optical isotropy were observed. When trace amounts of azobenzene and methylene blue were added to the transparent phase, the phase was dyed with both dyes, indicating that the transparent phase was bicontinuous. Decane/water/C12E6 mixtures formed bicontinuous phases at high C12E6 weight fractions.
RESULTS AND DISCUSSION
Phase diagram of n-decane/water/C12E6 system
Pseudo-ternary phase diagrams of n-decane/water/
C12E6 C4EmPn systems We investigated the influence of C4EmPn m, n 5, 5 , 9, 10 , 17, 17 on bicontinuous phases formed from the n-decane/water/C12E6 mixtures. Figure 5 shows phase diagrams for pseudo-ternary mixtures of n-decane, water, and C12E6 C4EmPn weight fraction fp of C4EmPn in the C12E6/C4EmPn mixture is 0.4 at 30 . A comparison of the phase diagrams of decane/water/C12E6 C4EmPn systems with that of decane/water/C12E6 shows that lamellar phases formed from decane/water/C12E6 mixtures were disrupted by the addition of C4EmPn and the size of the bicontinuous phase formation region increased drastically. The formation of bicontinuous phases was observed in mixtures containing more than 40 wt C12E6/C4EmPn. In other words, C12E6 in the bicontinuous phase accounted for more than 24 wt . As stated above, bicontinuous phases formed with the high C12E6 weight when the C12E6 concentration was higher than 70 wt . These results indicate that C4EmPn brought about a decrease in the amount of C12E6 required for the formation of bicontinuous phases. In other words, efficiency boosting was observed in this system. C4EmPn molecules can serve as a booster in decane/water/C12E6 systems. The HLB value of C4EmPn was estimated from the organic conception diagram 28 . The HLB values of C4E5P5, C4E9P10, and C4E17P17 were 10.8, 10.4, and 10.7, respectively. The size of the bicontinuous phase formation regions in the phase diagrams of the decane/water/C12E6 C4EmPn systems showed no difference among the C4EmPn m, n 5, 5 , 9, 10 , 17, 17 samples. This was because there was no difference in the HLB values among C4EmPn, indicating that the molecular chain length of C4EmPn hardly influenced the formation of bicontinuous phases. Figures 2 and 5a show that adding C4E5P5 to ternary ndecane/water/C12E6 mixtures promoted the formation of bicontinuous phases. The phase behaviors of decane/water/ C12E6 C4E5P5 mixtures with different fp values were investigated. Figure 6 shows pseudo-ternary phase diagrams of decane/water/C12E6 C4E5P5 fp 0.2, 0.6, and 0.8 . With a low water fraction 10 wt water , the size of the region of transparent single phases with optical isotropy decreased as the fp value increased from 0 to 0.2. However, the region of bicontinuous phase formation in the phase diagram at fp 0.2 was similar to that without C4E5P5 fp 0, see Figs. 2 and 6a . In contrast, the size of the region of W/O-type phases decreased, and the formation of bicontinuous phases was enhanced when the fp value was changed from 0.2 to 0.4 see Figs. 5 and 6a . 10/30/60, w/w/w mixture shows that the peaks corresponding to lamellar phases were absent for the former case Fig. 4 . This result also indicates that the lamellar phase was disrupted by the addition of C4E5P5. No change in the bicontinuous phase formation region was observed upon increasing the fp value from 0 to 0.2. Figures 5a and 6 show that the size of region increased drastically when the fp value was increased from 0.2 to 0.4. Bicontinuous phase formation was widely observed in the phase diagrams at fp 0.4 and 0.6. The bicontinuous phase formation region at fp 0.8 was similar to that at fp 0. These results indicate that the size of the bicontinuous phase formation region in the phase diagrams increased with increasing fp value up to 0.4 and then decreased for fp values greater than 0.4.
Influence of C4E5P5 on ternary n-decane/water/ C12E6 mixtures
Influences of EO and PO groups in C4EmPn mol-
ecules on the formation of the bicontinuous phase We investigated the influences of the EO and PO groups in C4EmPn on the formation of bicontinuous phases using a synthetic organic chemistry approach. C4E17 and C4P17 molecules, in which the PO and EO groups in C4E17P17 are respectively absent, were synthesized as general lubricanting agents and hydrophilic/hydrophobic materials. Figure 7 shows pseudo-ternary phase diagrams for the decane/water/C12E6 C4P17 and decane/water/C12E6 C4E17 mixtures fp 0.4 . A comparison of the phase diagram obtained when C4P17 was used with that obtained when C4E17P17 was used indicated that the size of the bicontinuous phase formation region decreased upon removing EO groups from C4E17P17. The formation region when C4P17 was used was similar to that without the additive see Fig. 2 . C4P17 is insoluble in water because of the absence of the hydrophilic EO groups from the amphiphilic polyether, C4E17P17. Thus, C4P17 will not penetrate the C12E6 membrane at the decane/water interface. In contrast, adding C4E17 to the decane/water/C12E6 mixtures expanded the bicontinuous phase formation region see . Therefore, the EO groups in C4EmPn will be essential for the boosting effect caused by the addition of amphiphilic polyethers. As can be seen in Figs. 5c and 7b, a comparison of the phase diagram obtained when C4E17 was used with that obtained when C4E17P17 was used shows that the size of the bicontinuous phase region decreased upon removing PO groups from C4E17P17. This indicates that the PO groups in C4EmPn molecules will adjust the hydrophilicity-hydrophobicity balance of C12E6/ C4EmPn mixtures, leading to the formation of bicontinuous phases. The formation of the bicontinuous phase using C4E17 and C4P17 molecules, in which the PO and EO chains of C4E9P10 are replaced by EO and PO chains, respectively, was compared to that using C4E9P10 in terms of the molecular chain length. The results were similar to those obtained with C4E17P17, supporting the function of the EO and PO groups in the C4EmPn molecules described above.
CONCLUSIONS
We have investigated the influence of amphiphilic random copolymers, C4EmPn, on bicontinuous phases formed from mixtures of decane, water, and a nonionic surfactant, C12E6. In the decane/water/C12E6 system, the bicontinuous phases were formed at high C12E6 weight fractions. Adding C4EmPn to decane/water/C12E6 mixtures promoted the formation of the bicontinuous phase, indicating that C4EmPn acted as a co-surfactant in the bicontinuous phase. The use of C4EmPn reduced the amount of surfactant required for the formation of the bicontinuous phase. Ethylene oxide groups in the amphiphilic random copolymers contribute significantly to efficiency boosting.
Bicontinuous structures can be applied to the preparation of fine nano-emulsions 29 31 . Methods that use bicontinuous structures to prepare nano-emulsions do not have high-energy requirements. Ultra-fine nano-emulsions have been prepared by diluting microemulsions containing an amphiphilic polyether 23 . Therefore, the method for generating a bicontinuous phase using amphiphilic random copolymers that we have demonstrated here will be useful for the effective preparation of fine nano-emulsions using a small amount of surfactant.
